ABSTRACT: The importance of 3 phenologlcal types of deciduous tree, and the effects of the occurrence of frost damage on growth of rmxed-species forests, were evaluated using the models FORGRO and HYBRID. The clunate change scenarios used were a doubling of the CO2 concentration (700 pm01 mol-l) and an increase in temperature ranging from 0 to 7°C. Both FORGRO and HYBRlD are mechanistic models treating eco-physiological processes in detail. FORGRO highlights potential growth in managed forests where all individuals of one species are of the same age and size, whereas HYBRID highlights growth in natural forests, including regeneration, and mortality of individual trees that differ in age and size. Furthermore, the importance of inaccurate prediction of phenological events and frost hardiness for growth in mixed-species stands was evaluated by comparing dynamic models to regression models. The dynamic models predict the timing of phenological events annually and the progression of frost hardiness during dormancy, whereas the regression models represent empirical relationships between the change in the average date of phenological events with a rise in mean winter temperature and the level of frost hardiness at the moment of leaf unfolding. The results of the climate change scenarios indicate for both FORGRO and HYBRID that: (1) the differences in net primary production (NPP) of the 3 phenological types considered are enhanced when grown in a mixed-species stand compared to a monospecies stand; and (2) the effects of frost damage on growth are more prominent in mixed-species stands than in monospecies stands. Regarding the accuracy of the dynamic approach compared to the regression approach for predicting the timing of leaf unfolding and spring frost damage, the dynarmc approach for leaf unfolding results m a s~rnilar response of NPP to the regression approach, both for the monospecies and the mixed-species situation. The dynamic approach, however, yields larger differences in the NPP between the phenological types because the model predicts a greater advancement of leaf unfollng than does the regression approach. Comparing the regression approach to the dynamic approach with regard to frost hardiness, the regression approach shows a greater frequency of frost damage; because, according to the dynamic approach the minimum level of frost hardiness is attained after the date of leaf unfolding, thus reducing this frequency.
INTRODUCTION
. It can be assumed that this timing is such that the growing period is optimally synchronised with Phenology is the study of the timing of annually the period favourable for growth, by either natural recurring events such as leaf unfolding and leaf fall, as selection or management. If a significant climate related to climatic and other environmental factors change occurs within the life span of a tree, then this synchronization may be disrupted. In earlier studies, 'E-mail: k.kramer@ibn.dlo.nl the effects of temperature increase on phenology and 0 Inter-Research 1996 C h Res 7: 3 on the occurrence of spring frost damage and its consequences for growth of monospecies stands were evaluated (Kramer 1994 (Kramer , 1995b . Species were found to respond differently to the imposed climate change scenarios. Consequently, the competitive relationships between these species, when grown in mixed stands, will alter due to climate change. The term competition is used to mean the reduction in growth of a target species, caused by the presence of another species requiring the same limiting resource. In this study, only differences affecting competition for light were considered.
With respect to phenology and spring frost damage, species differed: (1) in the extent to which the date of leaf unfolding advanced with increasing winter temperature, and thus (2) in the frequency of freezing temperatures to which they were subjected around this date. Species that unfold their leaves during the end of Apri: appear to respond more st:or,g!y to temperature change than species that unfold their leaves during the first weeks of May (Kramer 1994) . Such a differential response enhances existing differences between species if temperature increases. This may have consequences for the occurrence of frost damage and for the competition for light. Thus, by evaluating the relationship between temperature and both leaf unfolding and leaf fall, and the progression of frost hardiness, both the direct effects of climatic warming (on frost damage) and indirect effects (on competitive ability) are accounted for. The available phenological models are, however, not very accurate (Kramer 1995a) . Therefore, in this study both a regression approach and a dynamic approach were taken, enabling evaluation of the inaccuracy of the models for growth in a mixed-species stand.
A previous study (Kramer 1995b) showed that, with respect to growth of a monospecies stand, the difference between phenological types in the response of gross photosynthesis to temperature scenarios given a doubled CO2 concentration ranged from 4 to 20% if the corresponding temperature rose by 2 to ?"C, respectively. These differences may be enhanced when species are mixed, especially in combination with a n altered occurrence of spring frost damage. Therefore, the aims of this study were: (1) to evaluate the effects of differences between species, in both phenological response and occurrence of spring frost damage, on growth in mixed-species deciduous forest stands, in relation to increased temperature and atmospheric CO2 concentration, and (2) to assess the importance of inaccuracy in the prediction of phenological events and frost hardiness for this evaluation.
This was done by comparison of the annual net pnmary productivity predicted by the models FORGRO and HYBRID, based on a range of climate change scenarios. Both FORGRO and HYBRID are mechanistic models describing eco-physiological processes (light interception, photosynthesis, respiration and allocation) in detail. FORGRO (Mohren 1987 (Mohren , 1994 aims to predict forest productivity of managed stands based on information about the species, site and management regime considered. HYBRID (Friend 1993, Friend et al. in press) aims to predict vegetation types based on climate and eco-physiological features of general plant types based on climate. For this study the plant type 'cold deciduous tree' was refined to represent several phenological types. The species dynamics are described by establishment of seedlings and subsequent growth of individual trees in a gap, which occurs when a large tree dies. Thus, the key difference between FORGRO and HYBRID is that FORGRO treats a forest stand in which all individuals of a species are of the same age and size, whereas HYBRID treats individual trees differing in age and size. The rationale of such a model comparison is that, if models emphasizing different aspects of forest growth yield similar results, then more confidence is gained in these results. If not, then the differences may be explained by further analysis of the processes in which the models differ.
MATERIAL AND METHODS
2.1. Phenology and frost hardiness. Two approaches were used to describe the dependency of the date of leaf unfolding and the level of frost hardiness on temperature: (1) a regression approach, represented by empirical relationships between the change in the average date of leaf unfolding with a rise in mean winter temperature, and a constant level of frost hardiness from the moment of leaf unfolding until leaf fall; (2) a dynamic approach, using dynamic models that predict both the date of leaf unfolding annually and the progression of frost hardiness during dormancy. Frost damage occurs in both approaches when the daily minimum temperature is less than the level of frost hardiness.
2.1.1. Regression approach: Three types of phenological responses to temperature increase were discerned based on the analysis of an extensive data set containing phenological observations on clones relocated over a large latitudinal range throughout Europe: (1) a similar advance of both leaf unfolding and leaf fall; (2) an advance of leaf unfolding, but no change in leaf fall; and (3) a larger advance of leaf fall than of leaf unfolding (Kramer 1995a (Kramer 1995a) . Therefore, only the regression approach was used for the date of leaf fall.
Frost hardiness is the freezing temperature a plant can sustain without being damaged. To describe the progression of frost hardiness, the model developed by Leinonen et al. (1995) for Pinus sylvestris in Finland was used. Empirical results indicate that plants kept in a constant environment attain a stationary level of frost hardiness. If the environment changes, then the actual level of frost hardiness gradually adjusts to the new situation, at a rate that is proportional to the difference between the stationary and the actual level of frost hardiness. However, the competence to adjust to a changed environment is not constant throughout the year but depends on the plant's state of development. The main environmental factors driving the change in the stationary level of frost hardiness are temperature and photopenod, which appear to operate additively. Leinonen et al. (1995) formalised these empirical findings by defining a stationary level of frost hardiness, sh (in "C), which may change either due to a change in temperature, AS~(T), or due to a change in photoperiod, AS,,(P), or both, starting from a minimum level of frost hardiness, when the plant is completely dehardened:
where t = time. The rate of change of the actual level of frost hardiness, R,, can be described as:
where Ch(Sf) is the plant's hardening competence as a function of the state of forcing which is determined by the sequential model; z is a time coefficient deterrnining how fast the actual level of frost hardiness adjusts to the stationary level when the environment changes; and Sh is the actual state of frost hardiness. The explicit functions and parameter values for AS~(T), AS~(P), and Ch presented by Leinonen et al. (1995) were used.
2.2. Forest growth models. FORGRO (Mohren 1987 , Kramer 1995b ) is a process-based primary production model aiming to predict growth of managed stands, using species, site and climatological information. It uses thinning regimes commonly applied in managed forests. FORGRO contains detailed descriptions of light interception, photosynthesis, respiration and allocation. To describe light interception in a canopy with a mixture of species, the leaf areas, weighted by the extinction coefficients, are summed over the species (Kropff & Van Laar 1993) . Canopy photosynthesis is calculated by integration over 5 shaded and sunlit leaf layers, assuming a uniform distribution of the leaf area over the canopy height. The photosynthesis-light response curve is modelled using a negative-exponential curve. CO2 affects both the initial light-use efficiency and the asymptote of the light response curve. The temperature dependence of the rate of photosynthesis is based on linear interpolation of experimental data, whereas an exponential function is used for the temperature dependence of the CO2 compensation point. More details of this approach can be found in Goudriaan & Unsworth (1990), and Goudriaan & Van Laar (1994) . Respiration of living biomass depends on its biochemical composition (Penning de Vries et al. 1974) , and depends on temperature according to an exponential function (Qlo = 2.1). Allocation of assimilates to the different organs is done daily and is based on empirical allocation keys, except for allocation to foliage ar,d reserve pools where saturation curves are used (Kramer 199513) . To focus on light interception and competition for light between species, this version of FORGRO does not take into account the effects of nitrogen and water, and thus it calculates potential growth (Goudriaan & Van Laar 1994).
HYBRID (Friend 1993, Friend et al. in press ) is an individual-tree-based model aiming to predict ecosystem structure and population dynamics based on the cycling of carbon, nitrogen and water. It incorporates establishment of s e e d h g s , growth, mortality, litter production and feedbacks through soil processes of general plant types, on a 400 m2 plot. Light interception, photosynthesis, respiration and allocation determine growth of the individual trees. The intercepted light is distributed over the crowns of the individual trees that form the canopy, weighted by the leaf area of each individual per leaf layer and the extinction coefficient. To calculate total canopy photosynthesis, it is assumed that the photosynthetic capacity is distributed optimally with respect to radiation over the crown. Thus, the physiological properties of the foliage such as nitrogen and Rubisco content assume the same profile over the crown as the attenuation of photosynthetically active radiation (PAR). The rate of net photosynthesis of the crown is then linearly related to that of the uppermost leaf layer (Sellers et al. 1992, Friend et al. in press) . The rate of net photosynthesis is calculated based on the biochemical model of Farquhar & Von Caernrnerer (1982) , using a simplified version of the model PGEN (Friend et al. 1993 , Friend 1995 . In this model, the demand for CO2 is determined either by carboxylation limitation of Rubisco or by regeneration limitation of RuBP, which is a substrate of Rubisco. Whether the CO2 supply meets the photosynthetic demands depends on the resistance to CO2 along the pathway from outside the leaf boundary layer to the mesophyll cells. Explicit functions for the boundary layer and mesophyll resistance were used. For stomata1 conductance an empirical function is used instead of the original optimization approach (Friend 1995, Friend et al. in press ). For respiration an empirical approach is used, using an exponential temperature function equivalent to a QIo of 2.1. Allocation is done annually based on: (1) allometric relationships between diameter at breast height, tree height and total tree biomass, (2) a fixed ratio between living sapwood area and foliage area, and (3) a fixed ratio between foliage biomass and fine root biomass. Based on these constraints, an iterative procedure is used to distribute the annual net photosynthesis giving priority to: (1) foliage, (2) storage, and (3) sapwood, after a fixed amount has been allocated to the sapwood. Table 2 outlines the main features of both FORGRO and HYBRID.
The impact of frost damage on growth is described in FORGRO by complete defoliation if the daily minimum temperature is less than the state of frost hardiness. From that point onwards, the tree has to rebuild its canopy from the pool of reserves. This method is not possible in HYBRID because of the annual allocation method used. Therefore in HYBRID, the photosynthetic capacity is reduced by 50% each time frost damage occurs. This reduction affects photosynthesis during the entire growing season (Friend et al. in press) .
2.3. Scenarios and initialization. Both FORGRO and HYBRID require daily input of the following meteorological variables: minimum and maximum temperature, radiation, precipitation, vapour pressure, and wind speed. The variable evaluated was the annual net primary production, NPP (t C ha-' yr-l), per species, averaged over the simulation period. To evaluate the importance of phenology with respect to climate change, the atmospheric CO2 concentration was set at 700 pm01 mol-l, and the observed temperature series was increased uniformly by up to 7°C in steps of 1°C (denoted as C700/T0,,,7). The benchmark scenario (c3so/To, ambient CO2 concentration without a change in temperature) was also examined.
For FORGRO, observations from the period 1940 to 1990 for De Bilt (52"N, 6" E ) , located in the centre of The Netherlands, were used as ~n p u t .
FORGRO was initialised for a 30 yr old stand similar to that in Kramer (1995b) . Initialisation of HYBRID with the same conditions was not possible because of disequilibrium of the distribution of nitrogen between the vegetation and the soil, resulting in a rapid death of many trees. Therefore, HYBRID was initialised with seedlings and the simulation period was set from 1910 to 1990, which yields a closed canopy at age 30. The initialization of the biomass and number of trees of a species in a mixed-species stand was one-third of that of the monospecies stand, for both FORGRO and HYBRID. 
RESULTS

Phenology and spring frost damage
The differences in the mean date of leaf unfolding and in the response to an increase in temperature between the phenological types (Table 1) affect the duration of the growing season. This results in differences in available radiation during the growing season with increasing temperature (Fig. 1) . Both the regression and the dynamic approach show that during the growing season of Quercus, less radiation is available than during the growing season of both Fagus and Betula. Furthermore, for Fagus the available radiation exceeds that of Betula if the temperature increases by more than about 3°C. However, the increase of the available radiation with temperature is larger according to the dynamic approach than based on the regression approach, because the former predicts a greater advancement of leaf unfolding with temperature than the latter ( Table 1) .
The differences between the phenological types in the mean date of leaf unfolding and in the response to an increase in temperature (Table 1) result further- The Netherlands more in differences in the occurrence of frost around the date of leaf unfolding (Fig. 2) . The earlier a species unfolds its leaves, the higher the probability of its
Growth
Both available radiation and frost damage influence photosynthesis and consequently growth. In the following, the results of both the regression and the dynamic approach for phenology and frost hardiness are presented, using the models FORGRO and HYBRID.
FORGRO
Based on the regression approach, without the impacts of frost damage, the pattern of NPP for a monoculture stand is similar to that of the amount of radiation available dunng the growing season (Figs. 1  & 3) . Thus, NPP of Fagus exceeds that of Betula if the The effect of frost damage on the results of the C700/T0 scenario, using the fixed frost damage threshold, is a reduction of the NPP of Betula in the monospecies stands by 4 % , but virtually no change of the being damaged by spring frost. Thus for the phenolog-NPP of Fagus and Quercus (Fig. 3) . In mixed-species ical types considered, Betula has the highest probabilstands, however, the same level of frost damage results ity of frost damage and Quercus the lowest, whereas in much larger differences between the phenological Fagus takes an intermediate position. With increasing types (Fig. 3) . The reduction of the NPP of Betula, comtemperature this probability quickly decreases for pared with the non-damaged situation, leads to a n these phenological types (Fig. 2) .
increase of the NPP of Fagus and Quercus. Frost damage affects the NPP if the temperature increase is less than 3"C,
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although the probability of sub-zero temperature then is still approximixed Fig. 3 . Net primary production of a mono-and mued-spec~es stand according to FORGRO, using the regression approach for phenology and frost hardiness. Solid lines. no effect of frost damage; dashed lines: effect of frost damage; open symbols: results of benchmark scenario without frost damage. 67: temperature scenario imposed on the observed values mately 10% for each of the phenological types (Fig. 2) . Both the regression and the dynamic approach yield similar responses of NPP with increasing temperature (Figs. 3 & 4) . The differences between the approaches are:
(1) the NPP of the phenological types diverges more in the case of the dynamic approach, because of the greater dvergence of the amount of available radiation during the growing season (Fig. l ) , and (2) the impact of frost damage on NPP of the mixedspecies stands is less in the case of the dynamic approach for frost hardiness.
The reason that the dynamic approach for frost hardiness affects NPP less than the constant hardiness threshold is depicted in Fig. 5 : the fre- than 1 cycle (Fig. 6) . This makes it difficult
T ('C)
to choose the best period over which NPP should be averaged.
-+ Fagus +Betda -A-Quercus When NPP is averaged over the entire 80 yr simulation period, Quercus yields the Betula is affected most by frost damage frost damage. 61: temperature scenario imposed on the observed values (Figs. 7 & 8) . When the dynamic approach for frost hardiness is combined with HYBRID, then the effect of frost hardiness quency of frost damage is larger based on the regreson NPP is reduced (results not shown), similar to the sion approach (constant threshold) than according to results found for FORGRO. the dynamic approach. Based on the parameterization For a more detailed analysis, however, the pattern of of Leinonen et al. (1995) for the frost hardiness model, forest dynamics must also be considered. Then it can the minimum level of frost hardiness is attained after be seen why including frost damage in some cases the moment of leaf unfolding. Furthermore, the period between the date of leaf unfolding and the date that the minimum level of frost hardiness is attained increases with rising temperature, thus reducing the frequency of frost damage. If population dynamics are also taken into account to assess the importance of phenology with respect to intercepted radiation and frost damage, then a complex picture emerges (Fig. 6) perature rises more. Frost damage, using the dynamic approach, affects the dynamics of Betula if the temperature increase is less than 3"C, but it especially reduces the formation of leaf area on seedlings in the C350/T0 and C,,,/T, scenarios. Characteristically, the annual NPP is highest during the build-up phase. The average NPP depends therefore, on the period over which this average is calculated, because in some cases the simulation period covers 2 cycles of forest succession, and in other cases less shown in Fig. 10 . The advancement of the death of a tree due to frost damage causes a reduction in biomass and thus m the costs for respiration which exceeds the loss in photosynthesis because of a reduction in LAI. Since the LA1 is still rather high for a deciduous species (Fig. 10) , the NPP of the last 15 yr simulated including frost damage exceeds the NPP without the effects of frost damage (Fig. 8) . With respect to the effects of differences between species in both phenological re--C350flO *C700m *C700m *C70On4 . sponse and spring frost damage on growth in mixed-species deciduous forests, in rela- and open symbols: effect of frost damage using the regression approach and HYBRID show: (1) that the differences for frost hardiness (constant frost hardiness threshold at -2.3"C)
DISCUSSION AND CONCLUSIONS
in NPP of the, 3 phenological types considered are enhanced when grown in mixedspecies stands compared to monospecies causes an increase of the NPP of a phenological type:
stands. These differences increase with rising temperthis can be either because of competition, or because of ature, because the differences in the duration of the the selected simulation period. An example of the first growing season between the phenological types mechanism is shown in Fig. 9 . Betula is affected most increase with temperature. And (2) that the conseby frost damage. Thus, a reduction of the NPP of quences of frost damage for growth are more promiBetula results in a n increase of the NPP of both Fagus nent in mixed-species stands than in monospecies and Quercus. An example of the second mechanism is stands because, in the latter, a reduction in leaf area Fig. 7 . Net primary production of a monospecies stand according to HYBRID, using the dynamic approach for phenology. Fig. 8 . Net primary production of a mixed-species stand Solid lines and closed symbols: no effect of frost damage; according to HYBRID, using the dynamic approach for phedashed lines and open symbols: effect of frost damage, using nology. Solid lines and closed symbols: according to the dynamic approach because the differences in the increase of the duration of the growing season, compared to the regression approach. due to frost damage is quickly obviated by a rebuilding Regarding the accuracy of the dynamic approach of the canopy, whereas in a mixed-species stand the compared to the regression approach for frost hardirebuilding of the canopy is hampered by the presence ness, the regression approach shows a greater freof foliage of the trees which were less affected by the quency of frost damage, because according to the frost damage. The NPP is higher according to FORdynamic approach the minimum level of frost hardi-GRO, because of the dynamics of the number of trees simulated by HYBRID. NPP is low during the seedling phase, with a low leaf area index, and when there is 1 10 mature tree only, and NPP is highest dur-
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ing the build-up phase.
In FORGRO, the NPP is more constant forests face the same difficulty of selecting no effect of frost damage; dashed line and open symbols: effect of frost the proper averaging period and number damage. 6T: temperature scenario imposed on the observed values ness is attained after the date of leaf unfolding, thus reducing this frequency (Fig. 5 ) . According to FOR-GRO, NPP is reduced more in the case of the regression approach, especially in mixed-species stands (Figs. 3 & 4) . However, neither approach qualitatively affects the outcome of competition. The impact of frost damage on growth is less according to FORGRO than according to HYBRID. In FORGRO the canopy is quickly rebullt, if there are sufficient reserves. In HYBRID, the seedling stage is especially affected by frost damage, which delays the moment when the build-up phase starts (Fig. 6 ). This delay consequently reduces the mean NPP of the simulation period (Fig. 7) . Thus, it is important to assess the degree of injury brought about by frost to evaluate climate change impacts on the transient dynarmcs of temperate-zone deciduous forests. This is, however, not constant but depends on the freezing rate, phenological stage, tissue hydration, soiuie in sap, dnd external wetness (Santibanez 1994) . Furthermore, the dehardening of Pinus sylvestns not only depends on temperature, but was found to be hastened with elevated CO2 (Repo et al. 1996) .
Validation of the models FORGRO and HYBRID has not been attempted in this study, although the models have been successfully applied to specific situations (Mohren 1994 , Friend et al. 1993 . De Wit (1970) has already stated that 'fitting a mechanistic model to data is a disastrous way of working . . . [Slince there are many parameters and many equations involved this is not difficult . . . [Tlhe technique reduces into the most cumbersome and subjective technique of curve fitting that can be imagined'. However, processes can be calibrated and tested against data, and subsequently the importance of a process for forest growth can be evaluated by models on forest growth. This approach was taken for the importance of phenology and spring frost damage for the evaluation of climate change effects on mono-and mlxed-species forests by comparison of managed homogeneous stands to natural heterogenous stands. The results indicate that relatively small differences in the duration of phenoiogical stages, in combinat~on with spring frost damage, have profound impacts on the outcome of competition between deciduous tree species.
